CFD Implementation of a novel carbon-phenolic-in-air chemistry model for atmospheric re-entry by Martin, Alexandre & Boyd, Iain
CFD Implementation of a novel carbon-phenolic-in-air
chemistry model for atmospheric re-entry
Alexandre Martin∗ and Iain D. Boyd †
Department of Aerospace Engineering, The University of Michigan, Ann Arbor, MI, 48109, USA
Recent and future re-entry vehicle designs use ablative material as the main component
of the heat shield of their thermal protection systems. In order to properly predict the
behavior of the vehicle, it is imperative to take into account the gases produced by the
ablation process when modeling the reacting ﬂow environment. In the case of charring
ablators, where an inner resin is pyrolyzed at a relatively low temperature, the composition
of the gas expelled in the boundary layer is complex and might lead to thermal chemical
reactions that cannot be captured with simple ﬂow chemistry models. In order to obtain
better predictions, a proper gas ﬂow chemistry model needs to be included in the CFD
calculations. Recent calculations showed that extensive diﬀerences are found in boundary
layer composition and heat ﬂuxes, both convective and radiative, when previously published
models were used on a realistic problem. Recently, a more complete model was proposed,
which includes an extensive set of kinetic rates, taken from the combustion community.
Using this model, CFD calculations of the Stardust re-entry are presented. The results
clearly demonstrate the need to account for many more species in the ﬂow ﬁeld than the
ones that are expected to be present at the surface.
Nomenclature
Symbols
A Pre-exponential factor
B′ Non dimensional ablation rate
D Mass diﬀusion coeﬃcient
k Kinetic rate
m˙ Mass ﬂow rate
n Pre-exponential temperature power
p Pressure
ppm Parts per million
S Non dimensional sensitivity
T Temperature
Ta Activation temperature
U, v Velocity
X Sensitivity variable
Y Mass fraction
η Distance normal to the wall
ρ Density
Subscripts
c Char
g Gas blown
nc Next to the wall
p Pyrolysis
r Reaction, Rotational
s Species
t Time
vee Vibrational-Electron-Electronic
w Wall
∞ Freestream
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I. Introduction
The Thermal Protection System (TPS) of a re-entry vehicle is one of the key components of its design.
The materials used for the TPS can be classiﬁed into two main categories: ablative materials, such as the
ones used on the Apollo missions, and non-ablative materials, such as the ceramic tiles used on the Space
Shuttle. The former can also be divided into two sub-categories: charring (also know as pyrolyzing) and
non-charring ablators. The theory behind the use of ablators is quite simple: the energy absorbed by the
removal of material from the surface is not used to heat the TPS, thus keeping the vehicle at a relatively
“cold” temperature. In the case of charring ablators, the ablative material is a resin which ﬁlls the pores of a
carbon matrix. Although the matrix might ablate, it usually does not, thus preserving the original geometry
of the aerodynamic surface during re-entry.
In order to properly model the heat rates at the surface of the vehicle, the ablating boundary condition
must take into account many phenomena: surface recession, wall temperature, blowing rates, gas compo-
sition, surface chemistry, etc. However, to account for the eﬀects of the pyrolysis gas on the vehicle, the
chemistry model of the ﬂow ﬁeld must include the reactions associated with the presence of this gas. Because
ablation coupling is becoming an increasingly important research topic,1–7 the development of an accurate,
yet usable, chemistry model is of great importance. Models have been proposed in the past8–10 but important
reactions were not included, and some of the reaction rates were inappropriate or simply outdated.
Recently, a more complete model was proposed,11 which includes an extensive of set kinetic rates, taken
from the combustion community. The model was reduced using 0-D sensitivity analysis on a parameter
space relevant to the re-entry conditions that such a material would be exposed to. It was established that
such a model was necessary to study carbon/phenolic TPS through a review of past models, which gave a
wide range of results, especially when radiative heat transfer calculations were performed.12
This paper proposes to proceed to the next step by integrating the reduced model in the hypersonic
Computational Fluid Dynamics (CFD) code LeMANS. As a test case, the Stardust re-entry vehicle is used.
The trajectory points chosen are the ones corresponding to the Echelle period, which ranges from an altitude
of 81 km to an altitude of 69 km. This test-case is chosen so that the computed results can be processed
through a radiation code, namely, NEQAIR (version 99d),13 and then compared to the experimental data
gathered by the Echelle instrument.
II. Chemistry model
A. Selection of species and chemical reactions
Previous results12 showed a need to develop an exhaustive, validated and properly reduced chemistry model
for ablating carbon phenolic in air. Such a model was recently developed and presented in Ref. 11. The
model was constructed by carefully selecting the species important to carbon-phenolic ablation in air. First,
all the usual ionizing air species are included:
N2, O2, NO, N, O, N+2 , O
+
2 , NO
+, N+, O+, e
Assuming that the ablation and pyrolysis gas is in equilibrium at the surface of the vehicle, it is possible to
evaluate the important ablation species. In order to do so, the re-entry trajectory of the Stardust vehicle and
proposed trajectories of the CEV are used. The method of analysis for the thermal protection system begins
with computing the ﬂow ﬁeld over a discrete set of points along the estimated ﬂight trajectory to suﬃciently
capture the heat pulse. High ﬁdelity solutions are computed at several points in the trajectory with the
CFD code DPLR.14 For Stardust, these discrete solutions are interpolated (using engineering relationships)
in time along the trajectory. The heat transfer coeﬃcient, the surface pressure and the freestream enthalpy
are the environment inputs calculated for each body point along the entire trajectory and used in the
material response code, FIAT.15 For the CEV cases, the aerothermodynamic analysis tool CBAero16 is used
to provide the same input parameters. For selected time steps throughout the analyzed trajectories, the
pressure and the non-dimensionalized ablation rate B′g and B
′
c values predicted by FIAT are then extracted
and input to the Multicomponent Ablation Thermochemistry (MAT) code.17 When given this information,
MAT calculates back from the B′ tables the species mole fractions according to the JANNAF database
information corresponding to the wall temperature predicted by FIAT. From these results, trajectory points
are chosen so that the widest possible combination of pressure and temperature is represented. Figure 1
shows the parameter space represented by those points. From this analysis, the ablating species at the
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Figure 1. Temperature vs. pressure for various surface locations, trajectory points and re-entry vehicles
surface are:
H2, CO, CH4, H2O, CO2, OH, C2H2, HCN, C2H, C3, CN
Since the ablating species are likely to be broken down as they travel through the boundary layer and in
the post-shock layer, it is important to include possible reaction paths leading to smaller molecules, as well as
species from important reactions. Ionized species also need to be included in the model since charged particles
could potentially still reach the boundary layer. Additionally, through associative ionization, electron-impact
ionization and, especially, charge exchange reactions, some of the carbon species could be ionized.
Because phenolic vapor, produced by the pyrolysis of carbon-phenolic, is very similar in therms of reac-
tions to a combustion problem, the kinetic rates gathered from that community are used as a basis for the
complete model. Because it is accurate, complete, and comprehensive, the GRI-MECH database,18 built by
The University of California at Berkeley, Stanford University and The University of Texas at Austin, has
been chosen. One of the problems with these rates is that they are only valid up to 5000 K, which is not a
suﬃcient temperature range for the gases coming out of the boundary layer. However, since the pyrolysis
gases are not expected to enter regions of the ﬂow where higher temperatures are reached (i.e. the shock
layer), this assumption is valid for the current application. To account for the gases that are present in high
temperature regions, reaction rates relevant to those regions are replaced, mostly by those from Ref. 8 and
Ref. 19, which were validated across a wide temperature range.
This methodology results in approximately 55 species and 240 reactions, which is too many for the model
to be included in a complex CFD calculation. This model is therefore reduced using the sensitivity analysis
software SENKIN, part of the CHEMKIN package.20 SENKIN performs a non-linear sensitivity analysis on
the rate coeﬃcients, and outputs the results in the form of a normalized maximum sensitivity parameter S.
For each reaction r, S is computed over time using:
St,r =
kr
Xmax
∂Xt
∂kr
where Xt represents the parameter on which the sensitivity analysis has been performed at time t, and kr
is the kinetic rate of reaction r. Xmax is chosen as the maximum value of Xt over the simulated time. The
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parameters deemed relevant for ablating Earth entry are the temperature and the number density of CN,
CO, H2O and OH.
Validation is performed via a zero dimensional analysis. In order to perform a sensitivity analysis, a
parameter space based on temperature, pressure and gas composition is deﬁned. For the purpose of the
current analysis, temperatures between of 700K and 6000 K are used. For the pressure, a minimum of
1 × 10−4 atm and a maximum of 0.5 atm are chosen; these values are based on the re-entry trajectories
presented (partially) in Fig. 1. The square in that ﬁgure illustrates this parameter space.
From this analysis, the following species are also selected:
H, NH, HO2, H2O2, HCO, C, C2, CH, CH2, CH3, NCO, HNO
CO+, CN+, C+, H+
which brings the reduced model to 38 species. The 158 reactions considered are listed in Table 1; the
kinetic rates, k, are presented in a modiﬁed Arrhenius format, using the following equation:
k = ATne−Ta/T
Table 1: Reactions considered for the atmospheric ablating PICA chemistry model
# Reaction A [mol,cm,s] n Ta [K] References
1 2HO2  O2 + H2O2 4.20 ×1014 0.0 6042.7 18
2 2OH + M  H2O2 + M 2.30 ×1018 -0.9 -1700.0 18
H2 enhanced by 2.00
H2O enhanced by 6.00
CH4 enhanced by 2.00
CO, CO+ enhanced by 1.50
CO2 enhanced by 2.00
3 2OH  O + H2O 3.57 ×104 2.4 -1062.5 18
4 C + e  C+ + e + e 3.7 ×1031 -3.0 130720 19
5 C + H2  CH + H 4.00 ×1014 0.0 11700.0 21
6 C + N2  CN + N 5.24 ×1013 0.0 22600.0 22
7 C + NO  CN + O 2.02 ×1014 -0.3 0.0 23
8 C + NO  CO + N 2.29 ×1013 0.0 0.0 23
9 C + O  CO+ + e 8.80 ×108 1.0 33100.0 8
10 C + O2  O + CO 5.80 ×1013 0.0 576.0 18
11 C2 + C2  C3 + C 3.20 ×1014 0.0 0.0 24
12 C2 + H2  C2H + H 6.60 ×1013 0.0 4030.0 24
13 C2 + N2  CN + CN 1.50 ×1013 0.0 21000.0 25
14 C2H + M  C2 + H + M 1.74 ×1035 -5.2 57400.0 24
15 C2H + C  C3 + H 1.00 ×1014 0.0 0.0 26
16 C2H2 + M  C2H + H + M 6.96 ×1039 -6.1 6to tn30.0 24
17 C2 + M  2C + M 4.50 ×1018 -1.0 70930
18 CH + C  C2 + H 2.00 ×1014 0.0 0.0 26
19 CH + CH  C2H + H 1.50 ×1014 0.0 0.0 26
20 CH + CO2  HCO + CO 1.90 ×1014 0.0 7952.1 18
21 CH + M  C + H + M 1.90 ×1014 0.0 33700.0 26
22 CH + N2  HCN + N 4.40 ×1012 0.0 11060.0 27
23 CH + O2  O + HCO 6.71 ×1013 0.0 0.0 18
24 CH2 + C  C2H + H 5.00 ×1013 0.0 0.0 26
25 CH2 + CH  C2H2 + H 4.00 ×1013 0.0 0.0 26
26 CH2 + CH2  C2H2 + H + H 2.00 ×1014 0.0 5530.0 28
27 CH2 + CH2  C2H2 + H2 1.58 ×1015 0.0 6010.0 28
28 CH2 + CH4  CH3 + CH3 4.30×1012 0.00 5050.0 29
29 CH2 + H  CH + H2 6.03 ×1012 0.0 -900.0 30
30 CH2 + M  C + H2 + M 1.30 ×1014 0.0 29700.0 26
31 CH2 + M  CH + H + M 4.00 ×1015 0.0 41800.0 26
32 CH2 + N  HCN + H 5.00 ×1013 0.0 0.0 27
33 CH2 + N2  HCN + NH 4.82 ×1012 0.0 18000.0 31
34 CH2 + NO  OH + HCN 2.90 ×1014 -0.69 382.70 18
35 CH3 + C  C2H2 + H 5.00 ×1013 0.0 0.0 26
36 CH3 + H  CH2 + H2 6.03 ×1013 0.0 7600.0 30
37 CH3 + HCO  CH4 + CO 1.21 ×1014 0.0 0.0 32
Continued on next page
4 of 18
American Institute of Aeronautics and Astronautics
Table 1 – continued from previous page
# Reaction A [mol,cm,s] n Ta [K] References
38 CH3 + M  CH + H2 + M 5.00 ×1015 0.0 42800.0 26
39 CH3 + M  CH2 + H + M 1.02 ×1016 0.0 45600.0 30
40 CH3 + N  HCN + H + H 7.00 ×1013 0.0 0.0 27
41 CH3 + N  HCN + H2 3.70 ×1012 0.1 -45.3 18
42 CH3+NO  HCN+H2O 9.60 ×1013 0.00 14502.41 18
43 CH4 + M  CH3 + H + M 4.70 ×1047 -8.2 59200.0 22
44 CN + C  C2 + N 5.00 ×1013 0.0 13000.0 33
45 CN + CO  C + NCO 1.50 ×1016 -0.5 65800.0 8
46 CN + CO2  CO + NCO 4.00 ×1014 0.0 19200.0 8
47 CN + H2  HCN + H 2.95 ×105 2.5 1130.0 18
48 CN + H2O  HCN + OH 8.00 ×1012 0.0 3756.5 18
49 CN + M  C + N + M 2.53 ×1014 0.0 71000.0 33
50 CN + NO  N + NCO 2.00 ×1013 0.0 21000.0 21
51 CN + O  CO + N 2.41 ×1014 -0.2 0.0 23
52 CN + O2  O + NCO 1.05 ×1013 0.0 0.0 34
53 CN + OH  NCO + H 4.00 ×1013 0.0 0.0 18
54 CN+ + N  CN + N+ 9.80 ×1012 0.0 40700 19
55 C + N  CN+ + e 1.00 ×1015 1.50 164000 19
56 CO + C+  CO+ + C 1.0 ×1013 0.00 31400.0 33
57 CO + M  O + C + M 2.30 ×1019 -1.0 129000.0 33
C, C+ enhanced by 1.50
N, N+ enhanced by 1.50
O, O+ enhanced by 1.50
H, H+ enhanced by 1.50
58 CO2 + M  O + CO + M 3.50 ×1014 0.0 52525.0 35
59 CO2 + O  CO + O2 2.10 ×1013 0.0 27800.0 8
60 H + C2H2  C2H + H2 6.62 ×1013 0.0 14000.0
61 H + e  H+ + e + e 2.2 ×1022 -2.8 157800 19
62 H + CH4  CH3 + H2 1.32 ×104 3.0 4045.0
63 H + H2O2  HO2 + H2 1.21 ×107 2.0 2618.5 18
64 H + H2O2  OH + H2O 1.00 ×1013 0.0 1812.8 18
65 H + HCO  H2 + CO 7.34 ×1013 0.0 0.0 18
66 H + HO2  2OH 8.40 ×1013 0.0 537.8 18
67 H + HO2  O + H2O 3.97 ×1012 0.0 337.9 18
68 H + HO2  O2 + H2 4.48 ×1013 0.0 1068.0 18
69 H + N2  NH + N 1.84 ×1013 0.5 74459.0 36
70 H + NO + M  HNO + M 4.48 ×1019 -1.3 372.6 18
H2 enhanced by 2.00
H2O enhanced by 6.00
CH4 enhanced by 2.00
CO, CO+ enhanced by 1.50
CO2 enhanced by 2.00
71 H + O2 + M  HO2 + M 2.80 ×1018 -0.9 0.0 18
O2, O
+
2 enhanced by 0.00
H2O enhanced by 0.00
CO, CO+ enhanced by 0.75
CO2 enhanced by 1.50
N2, N
+
2 enhanced by 0.00
72 H + O2 + N2  HO2 + N2 2.60 ×1019 -1.2 0.0 18
73 H + O2 + N
+
2  HO2 + N+2 2.60 ×1019 -1.2 0.0 18
74 H + 2O2  HO2 + O2 2.08 ×1019 -1.2 0.0 18
75 H + 2O+2  HO2 + O+2 2.08 ×1019 -1.2 0.0 18
76 H + O2 + H2O  HO2 + H2O 1.13 ×1019 -0.8 0.0 18
77 H + O2  O + OH 2.65 ×1016 -0.7 8581.1 18
78 H + OH + M  H2O + M 2.20 ×1022 -2.0 0.0 18
H2 enhanced by 0.73
H2O enhanced by 3.65
CH4 enhanced by 2.00
79 H2 + M  H + H + M 2.23 ×1014 0.0 48350.0 22
80 HCN + M  CN + H + M 3.57 ×1026 -2.6 62845.0 37
81 HCN + O  CN + OH 3.91 ×109 1.6 13394.6 18
82 HCN + O  NCO + H 2.03 ×104 2.6 2507.7 18
83 HCN + O  NH + CO 5.07 ×103 2.6 2507.7 18
84 HCO + M  H + CO + M 1.87 ×1017 -1.0 8560.5 18
Continued on next page
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Table 1 – continued from previous page
# Reaction A [mol,cm,s] n Ta [K] References
H2 enhanced by 2.00
H2O enhanced by 6.00
CH4 enhanced by 2.00
CO, CO+ enhanced by 1.50
CO2 enhanced by 2.00
85 HCO + O2  HO2 + CO 1.34 ×1013 0.0 201.4 18
86 HNO + H  H2 + NO 9.00 ×1011 0.7 332.4 18
87 HNO + O  NO + OH 2.50 ×1013 0.0 0.0 18
88 HNO + O2  HO2 + NO 1.00 ×1013 0.0 6546.2 18
89 HNO + OH  NO + H2O 1.30 ×107 1.9 -478.4 18
90 HO2 + CO  OH + CO2 1.50 ×1014 0.0 11883.9 18
91 N + CO2  NO + CO 3.00 ×1012 0.0 5690.2 18
92 N + e  N+ + e− + e 2.5 ×1034 -3.82 168600.0 8
93 N + H2  NH + H 1.60 ×1014 0.0 12650.0 34
94 N + N  N2+ + e 2.0 ×1013 0.00 67500. 38
95 N + OH  NO + H 3.36 ×1013 0.0 193.9 18
96 N+ + N2  N2+ + N 1.0 ×1012 0.50 12200.0 38
97 N2 + M  N + N + M 7.00 ×1021 -1.6 113200.0 8
N, N+ enhanced by 4.28
O, O+ enhanced by 4.28
C, C+ enhanced by 4.28
H, H+ enhanced by 4.28
98 N2 + e  N + N + e 7.00 ×1024 -1.6 113200.0 8
99 N2 + O  N + NO 6.40 ×1017 -1.0 38370.0 8
100 N2 + O2
+  N2+ + O2 9.9 ×1012 0.00 40700. 38
101 NCO + H  NH + CO 5.40 ×1013 0.0 0.0 18
102 NCO + M  N + CO + M 6.30 ×1016 -0.5 24000.0 33
103 NCO + N  N2 + CO 2.00 ×1013 0.0 0.0 18
104 NCO + NO  N2 + CO2 3.80 ×1018 -2.0 402.8 18
105 NCO + O  NO + CO 2.35 ×1013 0.0 0.0 18
106 NCO + O2  NO + CO2 2.00×1012 0.00 10071.11 18
107 NCO + OH  NO + H + CO 2.50 ×1012 0.0 0.0 18
108 NH + CO2  HNO + CO 1.00 ×1013 0.0 7226.0 18
109 NH + H2O  HNO + H2 2.00 ×1013 0.0 6974.2 18
110 NH + M  N + H + M 1.80 ×1014 0.0 37600.0
111 NH + NO  N2 + OH 2.16 ×1013 -0.2 0.0 18
112 NH + O  NO + H 4.00 ×1013 0.0 0.0 18
113 NH + O2  HNO + O 4.61 ×105 2.0 3273.1 18
114 NH + O2  NO + OH 1.28 ×106 1.5 50.4 18
115 NH + OH  HNO + H 2.00 ×1013 0.0 0.0 18
116 NH + OH  N + H2O 2.00 ×109 1.2 0.0 18
117 NO + M  N + O + M 5.00 ×1015 0.0 75500.0 33
C, C+ enhanced by 20.0
N, N+ enhanced by 20.0
O, O+ enhanced by 20.0
H, H+ enhanced by 20.0
118 NO + O  N + O2 8.40 ×1012 0.0 19450.0 8
119 NO+ + C  NO + C+ 1.0 ×1013 0.00 23200.0 33
120 NO+ + N  N+2 + O 7.20 ×1013 0.0 35500.0 38
121 NO+ + N  O+ + N2 3.4 ×1013 0.00 12800.0 33
122 NO+ + O  N+ + O2 1.0 ×1012 0.50 77200. 38
123 NO+ + O  O2+ + N 7.2 ×1012 0.29 48600.0 33
124 NO+ + O2  O2+ + NO 2.4 ×1013 0.41 32600. 38
125 O + C2H  CH + CO 5.00 ×1013 0.0 0.0 18
126 O + C2H2  CO + CH2 6.94 ×106 2.0 956.8 18
127 O + C2H2  OH + C2H 4.60 ×1019 -1.4 14577.9 18
128 O + CH  H + CO 5.70 ×1013 0.0 0.0 18
129 O + CH2  H + HCO 8.00 ×1013 0.0 0.0 18
130 O + CH3  H + H2 + CO 3.37 ×1013 0.0 0.0 18
131 O + CH4  OH + CH3 1.02 ×109 1.5 4330.6 18
132 O + e  O+ + e + e 3.9 ×1033 -3.78 158500.0 33
133 O + H + M  OH + M 5.00 ×1017 -1.0 0.0 18
H2 enhanced by 2.00
H2O enhanced by 6.00
Continued on next page
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Table 1 – continued from previous page
# Reaction A [mol,cm,s] n Ta [K] References
CH4 enhanced by 2.00
CO, CO+ enhanced by 1.50
CO2 enhanced by 2.00
134 O + H2  H + OH 3.87 ×104 2.7 3152.3 18
135 O + H2O2  OH + HO2 9.63 ×106 2.0 2014.2 18
136 O + HCO  H + CO2 3.00 ×1013 0.0 0.0 18
137 O + HCO  OH + CO 3.00 ×1013 0.0 0.0 18
138 O + HO2  OH + O2 2.00 ×1013 0.0 0.0 18
139 O + N  NO+ + e 5.30 ×1012 0.0 31900.0 33
140 O + O  O2+ + e 1.1 ×1013 0.00 80600. 38
141 O+ + NO  N+ + O2 1.4 ×105 1.90 15300. 38
142 O+ + N2  N2+ + O 9.1 ×1011 0.36 22800. 38
143 O+2 + N  N+ + O2 8.70 ×1013 0.1 28600.0 38
144 O2
+ + O  O2 + O+ 4.0 ×1012 -0.09 18000.0 33
145 O2 + C
+  O2+ + C 1.0 ×1013 0.00 9400.0 33
146 O2 + M  O + O + M 2.00 ×1021 -1.5 59500.0 8
N, N+ enhanced by 5.00
O, O+ enhanced by 5.00
H, H+ enhanced by 5.00
C, C+ enhanced by 5.00
147 OH + C  H + CO 5.00 ×1013 0.0 0.0 18
148 OH + C2H2  CH3 + CO 4.83 ×10−4 4.0 -1007.1 18
149 OH + CH  H + HCO 3.00 ×1013 0.0 0.0 18
150 OH + CH2  CH + H2O 1.13 ×107 2.0 1510.7 18
151 OH + CH3  CH2 + H2O 5.60 ×107 1.6 2729.3 18
152 OH + CH4  CH3 + H2O 1.37 ×106 2.2 1350.0 39
153 OH + CO  H + CO2 4.76 ×107 1.2 35.2 18
154 OH + C2H2  C2H + H2O 3.37×107 2.00 7049.8 18
155 OH + H2  H + H2O 2.16 ×108 1.5 1727.2 18
156 OH + H2O2  HO2 + H2O 2.00 ×1012 0.0 215.0 18
157 OH + HCO  H2O + CO 5.00 ×1013 0.0 0.0 18
158 OH + HO2  O2 + H2O 1.45 ×1013 0.0 -251.8 18
B. Experimental comparisons
In order to validate the model, multiple zero-dimensional simulations are performed using the CHEMKIN20
package, and compared to available experimental data. The experiments presented here are selected because
they are typical of an ablative boundary layer during hypersonic re-entry. As can be seen in Fig. 2, the model
ﬁts the data remarkably well, which is expected since some of the presented experiments were employed to
validate and even compute the kinetic rates used in the model. The discrepancy observed in some of the
results, especially those presented in Fig. 2b), c) and f) is caused by the choice of a diﬀerent reaction rate
than the one obtained from the experimental data. As shown earlier, changing one kinetic rate can have a
non trivial impact on the predicted concentration of the species over time. A detailed explanation of this is
presented in Ref. 19. The results presented here, although not perfect, are considered to agree remarkably
well with the experimental data.
III. LeMANS: an unstructured three-dimensional Navier-Stokes solver for
hypersonic nonequilibrium aerothermodynamics
The hypersonic aerothermodynamic CFD code used to analyze the chemistry model is LeMANS, a ﬁnite
volume Navier-Stokes solver currently being developed at The University of Michigan.43–46 The code as-
sumes that the rotational and translational energy modes of all species can be described by their respective
temperatures Tr and T , and that the vibrational energy mode and electronic energy mode of all species, as
well as the free electron kinetic energy, can be described by a single temperature, Tvee.47 The viscous stresses
are modeled assuming a Newtonian ﬂuid, using Stokes’ hypothesis, and the species mass diﬀusion ﬂuxes are
modeled using a modiﬁed version of Fick’s law. Mixture transport properties are calculated using one of two
models; the ﬁrst uses Wilke’s semi-empirical mixing rule with species viscosities calculated using Blottner’s
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Figure 2. Evaluation of the chemistry model using experimental data
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model and species thermal conductivities determined using Eucken’s relation, and the other uses Gupta’s
mixing rule with species viscosities and thermal conductivities calculated using non-coulombic/coulombic
collision cross section data. Heat ﬂuxes are modeled according to Fourier’s law for all temperatures. Finally,
the source terms of the species conservation equations are modeled using a standard ﬁnite-rate chemistry
model for reacting air in conjunction with Park’s two-temperature model to account for thermal nonequilib-
rium eﬀects on the reaction rates.
Numerically, the code has the capability to handle meshes containing any mix of hexahedra, tetrahedra,
prisms and pyramids in 3D, or triangles and quadrilaterals in 2D. Numerical ﬂuxes between the cells are
discretized using a modiﬁed Steger-Warming Flux Vector Splitting scheme, which has low dissipation and
is appropriate to calculate boundary layers. A point or line implicit method is used to perform the time
integration. The code has been extensively validated against experimental data, and has also been compared
to other similar codes such as NASA Ames’ DPLR14 and NASA Langley’s LAURA.48
To account for the coupling between the ﬂow ﬁeld and the material response, the eﬀects of ablation
are added to the CFD code; therefore, a modiﬁcation to the surface boundary condition is necessary. The
physical values at the wall are obtained by solving the conservation of momentum:
pnc + ρncv2nc = pw(ρw, Tw) + ρwv
2
w
as well as the species surface mass balance equation:
ρwDws
∂Yws
∂η
= m˙
(
Ygs − Yws
)
The surface energy balance equation does not need to be solved in the present anaysis as the wall temperature,
blowing rates and blowing species are imposed and not calculated.
Once values are computed for the primitive variables, the conservative quantities in the ghost cells of
the boundary are set such that the ﬂux across the wall is the required blowing ﬂux. This blowing boundary
condition has been tested over a wide range of blowing rates, assuring the robustness of the implementation.
Following the same methodology for the veriﬁcation and validation of NASA Ames’ DPLR code49 and NASA
Langley’s LAURA code,50 the blowing boundary of LeMANS has also been veriﬁed and validated.7,51
IV. Test-case: Stardust re-entry vehicle
A. Problem description
In order to evaluate and validate the model in LeMANS, the forebody of the Stardust return capsule is
modeled during the ﬁrst 10 seconds of its re-entry in the continuum regime.52 These re-entry points are
chosen because they also correspond to the period where spectral emission data was measured by the Echelle
instrumentation. The geometry and mesh are presented in Fig. 3 and the ﬂow and surface parameters in
Tables 2 and 3, respectively. Gibb’s Free Energy is used to calculate the equilibrium constants needed for the
backward reaction rates, and the transport properties are calculated from Lennard-Jones potentials, using
CHEMKIN,20 to produce individual species temperature dependant viscosity curve ﬁts.
Table 2. Free stream conditions for the Echelle period of the trajectory of the Stardust re-entry vehicle
Time Altitude U∞ T∞ ρ∞ YN2 YO2 Kn
[s] [km] [km/s] [K] [kg/m3]
34 81.0 12.4 218. 1.27 ×10−4 0.763 0.237 0.00645
36 78.5 12.3 218. 1.87 ×10−4 0.763 0.237 0.00432
38 76.0 12.3 219. 2.72 ×10−4 0.763 0.237 0.00292
40 73.5 12.2 220. 3.92 ×10−4 0.763 0.237 0.00203
42 71.2 12.1 222. 5.55 ×10−4 0.763 0.237 0.00145
44 68.9 11.9 224. 7.72 ×10−4 0.763 0.237 0.00105
The values obtained for the surface temperature and blowing rates are only valid at the stagnation point.
Those two parameters are expected to be signiﬁcantly lower elsewhere on the forebody of the vehicle. To
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r = 0.02 m
r = 0.22 m
59.5°
(a) Geometry and overall mesh (b) Stagnation region mesh
Figure 3. Geometry and mesh of the Stardust re-entry capsule, used for the chemistry model comparison
Table 3. Wall condition at the stagnation point for the Echelle period of the trajectory of the Stardust re-entry
vehicle
Time Tw m˙w YN2 YCO YH2 YH2O
[s] [K] [kg/m2/s]
34 2890. 0.0214 6.16 ×10−1 2.32 ×10−1 1.52 ×10−2 6.85 ×10−2
36 2970. 0.0264 6.14 ×10−1 2.34 ×10−1 1.52 ×10−2 7.32 ×10−2
38 3070. 0.0299 6.49 ×10−1 1.75 ×10−1 1.08 ×10−2 4.88 ×10−2
40 3150. 0.0378 6.54 ×10−1 1.65 ×10−1 9.38 ×10−3 5.41 ×10−2
42 3240. 0.0453 6.75 ×10−1 1.23 ×10−1 5.76 ×10−3 5.23 ×10−2
44 3310. 0.0549 6.78 ×10−1 1.25 ×10−1 7.21 ×10−3 3.08 ×10−2
Time YOH YO YCO2 YNO YO2 YN
[s]
34 1.94 ×10−2 1.24 ×10−2 2.72 ×10−2 4.93×10−3 5.05×10−3 0.00
36 1.72 ×10−2 9.18 ×10−3 2.94 ×10−2 4.38 ×10−3 4.02 ×10−3 0.00
38 3.21 ×10−2 3.75 ×10−2 1.92 ×10−2 1.22 ×10−3 1.52 ×10−2 0.00
40 3.19 ×10−2 3.33 ×10−2 2.30 ×10−2 1.30 ×10−2 1.72 ×10−2 0.00
42 3.30 ×10−2 3.68 ×10−2 2.70 ×10−2 1.74 ×10−2 2.99 ×10−2 0.00
44 3.71 ×10−2 6.46 ×10−2 1.22 ×10−2 2.08 ×10−2 2.44 ×10−2 7.84 ×10−5
10 of 18
American Institute of Aeronautics and Astronautics
reﬂect this, a temperature proﬁle is obtained using a fully radiative equilibrium boundary condition at the
wall, without ablation, for the ﬁrst re-entry point. This method has been proven to give a good estimate of
the surface conditions.52 The surface temperature proﬁle is then normalized and re-applied for the ablating
wall simulation, multiplied by the surface temperature at the stagnation point that is listed in Table 3. For
the blowing rate, a linear relation between the temperature is derived using the ﬁrst two columns of Table
3, and applied proportionally using the wall temperature proﬁle. The values for those two parameters are
presented in Fig. 4.
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Figure 4. Calculated temperature and blowing rates for various re-entry points of the Stardust re-entry
B. Results
Convective heat ﬂux and Species concentrations
The convective heat ﬂux obtained with the ablative boundary condition, using the proposed chemistry model,
is presented in Fig. 5 for the 34 s trajectory point. As expected, the heat ﬂux is signiﬁcantly reduced when
compared to the radiative equilibrium heat ﬂux, also presented on that ﬁgure. As can be seen, most of the
heat reduction comes in the form of the translational-rotational conduction term. This is caused by two
phenomena. First, the gradient of temperatures is slightly modiﬁed by the fact that the shock is pushed
back by the blowing at the surface. Secondly, the composition of the boundary layer is not the same, which
results in a modiﬁed total thermal conductivity. Past results12 tend to favor the latter phenomenon.
The species composition along the stagnation line is also presented in Fig. 6. It is interesting to note
in Fig. 6b) that three of the blowing species (CO2, H2 and H2O) are destroyed almost immediately once
they enter the ﬂow, however, CO and OH remain in relatively high concentration. These two species are
important since they are strong radiators. In Fig. 6c), it can be seen that two atomic species, H and C, are
created in high concentration near the boundary, as are CN and CN+, which are quite important because of
their radiative properties. It is also interesting to note, on that same ﬁgure, that the concentration of HNO
remains high; this species was neglected in past models.8–10 Finally, Fig. 6d) presents the species which are
not present in a signiﬁcant concentration (species that had a number density less than the machine precision
are not shown). Although it might be tempting to discard them, they remain important since they start
to appear in greater concentration at other re-entry conditions (i.e. other altitudes). The same calculations
were performed for all the trajectory points listed in Table 2, and although some diﬀerences are noticeable,
the general conclusions remain the same. Results for the 38s and 42 s trajectory ponts are presented in Figs.
7 and 8.
Radiative heat ﬂux
Certain species present in the boundary layer are strong radiative emitters, and are expected to signiﬁcantly
contribute to the overall radiative heating to the surface. For the Stardust re-entry vehicle, the contribution
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Figure 5. Heat ﬂuxes at the surface of the Startdust re-entry vehicle at 34 seconds (81 km)
of the radiative heat ﬂux to the overall heat ﬂux has been evaluated at approximately 10%.
A radiative emission calculation is performed along the stagnation line of a converged ﬂow ﬁeld solution
of the 42 s trajectory point, using the non-equilibrium radiation code NEQAIR (version 99d).13 Apart from
the usual air species, radiative emission from the species listed in Table 4 is included.
Table 4. Emission mechanisms considered for the calculation of the radiative heat ﬂux, excluding the air
species
Species Mechanism
CN Violet (B1Σ – X1Σ)
CO 4+ (A1Π – X1Σ)
C2 Swan (d
3Π – a4Π)
H2 Lyman (B
1Σ – X1Σ)
H2 Werner (C
1Π – X1Σ)
H2 BΣ – X
1Σ
The temperatures and species concentrations used as inputs NEQAIR are presented in Fig. 9, for the
42 second trajectory point. The spectral emission is presented in Fig. 10. The emission lines for the air
species closely match the values measured by the Echelle instrument. However, the calculated CN emission,
in the 350 to 450 nm region, is too high by one order of magnitude. This diﬀerence is probably caused by
imprecision in the CN + O  CO + N kinetic rate. This discrepancy needs to be further investigated.
V. Conclusion
As part of a continuing project to improve heat transfer and ablation rate modeling for hypersonic re-
entry vehicles, a comprehensive chemistry model for computing the ﬂow around a re-entry vehicle using an
ablative heat shield has been tested in a CFD code. The species used in the model were chosen with careful
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Figure 6. Species concentrations along the stagnation line for the Stardust re-entry vehicle at 34 s into re-entry
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Figure 7. Species concentrations along the stagnation line for the Stardust re-entry vehicle at 38 s into re-entry
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Figure 8. Species concentrations along the stagnation line for the Stardust re-entry vehicle at 42 s into re-entry
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Figure 9. Temperatures and radiating species concentrations along the stagnation line for the Stardust re-entry
vehicle at 42 s into re-entry (71 km)
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Figure 10. Spectral emission for the Startdust re-entry vehicle at 42 seconds (71 km)
consideration of the ﬂow physics, and the reactions were evaluated and chosen from various sources in the
literature. The model was then reduced to a more manageable number of species and reactions, using a
zero-dimensional sensitivity analysis, and was validated using various experimental results. Next, the model
was implemented in the hypersonic non-equilibrium CFD code LeMANS, and was tested using trajectory
points of the continuum regime. These points were chosen because experimental data was available in the
form of spectral radiative emission gathered by the Echelle instrument. As expected, the convective heat
ﬂux predicted using the new model was signiﬁcantly reduced relative to the prediction obtained using the
equilibrium radiative boundary conditions. The species concentrations along the stagnation line were also
presented and it was shown that most species blown from the surface, at chemical equilibrium conditions,
immediately react in the ﬂowﬁeld and are transformed. These results clearly indicate the need to use an
appropriate chemistry model in the ﬂow ﬁeld, one that should be signiﬁcantly diﬀerent than that assumed
in the TPS. It also conﬁrms that the equilibrium assumption at the surface allows the creation of species
that would not necessarily be present. Finally, the stagnation line results were used to perform a radiative
spectral emission analysis using NEQAIR. The result from one trajectory point was then compared to the
experimental data obtain by the Echelle instrument. Although the results show good agreement for all the air
species, the emission structure from CN shows a signiﬁcant discrepancy. Future work includes investigation
of the cause of this discrepancy in order to assess the inﬂuence of the most important CN forming reaction,
CN + O  CO + N, on the radiative prediction.
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